Introduction
The stereoselective addition of nucleophiles to imines is probably the most effective way of accessing molecules with a nitrogen atom bonded to a stereogenic center. [1] Many of these chiral aminated compounds are both natural or synthetic molecules that can display biological activity. In addition to the potential biological activity, they could also be envisioned as key synthetic intermediates in the way to prepare more complex molecular architectures. Among the stereoselective methodologies, the catalytic enantioselective addition [2] rely on the use of both chiral Lewis acids, [3] which bind to the electrophile activating it toward nucleophilic attack, or chiral Lewis bases. [4] Although the development of catalytic enantioselective addition reactions is an ideally very attractive field, it has some limitations. For instance, some of the reported catalytic methods make use of large excess of reagents to ensure the turnover of the catalyst, and sometimes when the activation mode do not significantly increase the reaction speed, the non-catalytic addition causes a lower enantioselection. That is the reason why in the synthesis of complex organic molecules, including natural products, the stereoselective nucleophilic additions to imines are more commonly performed with stoichiometric amounts of chiral reagents, namely chiral imines (substrate control), including chiral auxiliaries. [5] Over the past decade chiral imines derived from tert-butanesulfinamide have been extensively used as electrophiles in a wide range of synthetic applications.
The ready availability of both enantiomers of tert-butanesulfinamide in large-scale processes, the easy __________________ deprotection of the amine under mild acidic conditions, and a practical procedure for recycling the chiral auxiliary have undoubtedly contributed to the widespread use of this approach. [6] The synthesis of these aldimines in an enantioselective fashion was performed for the first time by García-Ruano, I. Fernández and co-workers from a tert-butanesulfinate ester derived from diacetone-D-glucose, tert-butanesulfinamide (1) being involved as reaction intermediate although no isolated in this process. [7] Since the development by the group of Ellman of a protocol for the large-scale synthesis of sulfinamide 1, [8] these imines could be prepared in a straightforward manner by direct condensation of tert-butanesulfinamide (1) with carbonyl compounds 2 in the presence of a Lewis acid and a water scavenger. Thus, Ellman and co-workers reported in 1997 the first synthesis of N-tertbutanesulfinyl aldimines 3 following this strategy. [9] An excess of magnesium sulfate in the presence of a catalytic amount of pyridinium p-toluenesulfonate (PPTS), using dichloromethane as solvent at room temperature, promoted the effective condensation of aldehydes and sulfinamide 1. [10] Aldimines 3 were also prepared more efficiently using copper sulfate in dichloromethane and titanium tetraethoxide in THF as condensation reagents. [10] However, these reaction conditions were not effective for the synthesis of ketimines 4 which were exclusively prepared under the influence of titanium tetraethoxide in refluxing THF. [10, 11] More recently, new methods for the synthesis of N-tert-butanesulfinyl imines 3 through a condensation of aldehydes 2
and tert-butanesulfinamide (1) under the influence of acids or bases have been reported. [12] Interestingly, the condensation can be also performed using pyrrolidine as an organocatalyst in the absence of acids or bases, the process taking place through iminium activation in the presence of 4Å molecular sieves, [13] or under microwave irradiation. [14] In this last case, an environmentally friendly synthesis of both aldimines 3 and more challenging ketimines 4 was achieved under solvent-free conditions in short reaction times (Scheme 1).
<Insert Scheme 1>
With the aim of widening the number of methodologies to access to chiral N-tert-butanesulfinyl imines, we studied their synthesis starting from epoxides instead of from carbonyl compounds in a one-pot process. Epoxides are of interest because they are either commercially available or easily prepared in an enantiomerically pure form from carbonyl compounds [15] and olefins. [16] In order to perform this transformation, the isomerization of the epoxide to the corresponding carbonyl compound should occur first, followed by condensation with N-tertbutanesulfinamide. In principle, a Lewis acid should be involved in both steps, being the condensation greatly facilitated working in the presence of a water scavenger. In addition, an indium-promoted allylation [17] of the corresponding imine with an allylic bromide would yield homoallylamine derivatives in a single synthetic operation. Thus, the multi-step transformation of epoxides to imines, or to homoallylamines, in a one-pot process, avoiding the workup and isolation of intermediates, the so-called pot-economy, [18] would be of great interest considering environmental sustainability, because the amounts of waste, solvents, labour and time are considerably minimized (Scheme 2).
<Insert Scheme 2>
Results and Discussion
For being successful in the proposed multi-step one-pot strategy depicted on Scheme 2, all transformations should take place in high chemical yields. Thus, in order to find the best reaction conditions to carry out the regioselective isomerization of epoxides 5 to carbonyl compounds 2, we took styrene oxide (5a) as the model substrate and erbium triflate as the Lewis acid promoter catalyst. It has been reported that erbium triflate is a very efficient catalyst for the regioselective rearrangement of epoxides to carbonyl compounds, performing well on a wide range of substrates. [19] Although many assays were undertaken, only the most significant ones are compiled in Table 1 . Thus, the treatment of styrene oxide (5a) with 0.5 mol % of erbium triflate in dichloromethane at 23 ºC for 20 min led to the formation of phenylacetaldehyde (2a) in 40% yield, remaining in the reaction mixture a 35% of the starting epoxide 5a, meanwhile, partial decomposition of aldehyde 2a through probably aldol condensation (around 25%) was also observed (Table 1 , entry 1). When the isomerization was performed using 1 mol % of the erbium salt, almost total conversion was observed, increasing both the yield of the aldehyde 2a (64%) and the aldol condensation products (34%) ( <Insert Table 1> Isomerization of gem-dialkyl and trialkyl substituted expoxides takes place under the same reaction conditions as for aromatic epoxides. However, conversion of monalkyl substituted epoxides into the corresponding carbonyl compounds is more challenging. Thus, taking 1-octene oxide (5j) as a model compound and erbium triflate as the catalyst, we tried first to find the best reaction conditions for this transformation to proceed. The reaction did not take place in dichloromethane at 45 ºC for 45 min under microwave irradiation, the starting epoxide 5j remaining unaltered ( Table 2 , entry 1). On the contrary, total conversion was observed working in THF at 50 ºC after 45 min, but expected octanal (2j) was formed in only 26% yield ( Table 2 , entry 2). Yields were improved by working at higher temperature in shorter reaction times ( <Insert Table 2> With the optimized reaction conditions of the isomerization step in hand, we studied next the one-pot two-step process for the synthesis of N-tert-butanesulfinyl imines 3 from epoxides 5. Taking again styrene oxide (5a) as the model compound and erbium triflate as Lewis acid, we found that isomerization did not take place in appreciable extension when sulfinamide 1 was also present in the reaction medium. It seems that 1 inhibited the action of erbium triflate. For that reason, after isomerization of epoxide 5a to aldehyde 2a, tert-butanesulfinamide 1 was added to the reaction flask along with the corresponding reagents for the condensation step. Thus, performing first the isomerization in dichloromethane at room temperature for 20 min, followed by the successive addition of sulfinamide 1, a catalytic amount of pyridinium para-toluenesulfonate (PPTS) and 2 equivalents of magnesium sulfate, and further reaction at the same temperature for 12 h, the expected N-tert-butanesulfinyl imine 3a was obtained in 44% yield (Table 3 , entry 1). When isomerization was carried out in 1,2-dichloroethane first, followed by condensation of the resulting aldehyde 2a with sulfinamide 1, in the presence of anhydrous magnesium sulfate under microwave irradiation at 60 ºC for 20 min, the imine 3a was obtained in a lower yield (Table 3 , entry 2). Switching to THF as solvent, and performing the isomerization at 23 ºC for 8 h, and the condensation at the same temperature for 48 h with magnesium sulphate, the imine 3a was formed in only 24% yield (Table 3 , entry 3). However, yields were considerably improved when the same combination of reagents in THF was submitted to microwave irradiation (Table 3 , entries 4 and 5). Changing magnesium sulphate to titanium tetraethoxide as a condensation promoter, led to the expected imine 3a in a similar yield (Table 3, entry   6 ). On the other hand, and performing the isomerization at 50 ºC for 45 min, and the condensation at room temperature with titanium tetraethoxide in THF for 12 h, the expected imine 3a was formed in 46% yield (Table   3 , entry 7), similar to the yields found in other processes performed in THF.
<Insert Table 3> Although erbium triflate had been shown to be a little bit more efficient than boron trifluoride etherate in the isomerization of epoxide 5a, we studied also the one-pot transformation of 5a into aldimine 3a involving this boron compound. Importantly, in this case the isomerization step was not affected by the presence of sulfinamide 1, performing all the assays in THF with 5 mol % of boron trifluoride etherate with all the reagents in the reaction flask at the beginning of the experiment, that representing an advantage over the erbium triflate methodology.
Thus, imine 3a was formed in only 39% yield when 3Å MS were used as water scavenger at 50 ºC after 4 h (Table 4 , entry 1). Longer reaction times (12 h) under the same reaction conditions led to a quite good 76% yield, considering this two-step process (Table 4 , entry 2). Poorer yields were obtained when working at lower temperatures (23 ºC) or in the absence of MS (Table 4 , entries 3 and 4). All these reactions were performed with an excess of starting epoxide 5a (2:1 epoxide 5a/sulfinamide 1), because when almost stoichiometric amounts of the epoxide 5a and the sulfinimide 1 were used, yields were considerably lower (Table 4 , compare entries 2 and 5).
<Insert Table 4> The substrate scope was then studied under the optimized reaction conditions. We found that for aromatic epoxides 5a-d, method B led to higher yields than method A (Table 5 , entries 1-8). Starting epoxides 5a and 5b
were commercially available, meanwhile compound 5c was prepared by epoxidation of para-acetoxystyrene with MCPBA, and 2-naphthalenecarbaldehyde was the precursor of 2-naphthyloxyrane (5d) upon epoxidation with chloroiodomethane/n-butyllithim. [20] We also observed that yields were slightly improved when the isomerization step with the erbium salt was performed under microwave irradiation (Table 5 , entries 1, 5 and 11). Interestingly, methods A and B led to different N-tert-butanesulfinyl imines starting from epoxide 5c, observing deacetilation when the condensation step was carried out in the presence of titanium tetraethoxide to give imine 3c' ( Table 5, entry 5). Dialkyl substituted epoxides 5e-g performed well under both methods, leading commercially available highly volative isobutylene oxide 5e to the highest yields (Table 5 , entries 9 and 10). Epoxides 5f and 5g were prepared from 6-undecanone and (-)-menthone, respectively under the same reaction conditions as for 5d. [20] Importantly, enantiomerically pure epoxide 5g derived from (-)-menthone led to two diastereomeric aldimines 3g
and 3g', indicating that the isomerization step is not stereoselective, a planar tertiary carbocation being probably involved as reaction intermediate. In addition, the major diastereomer obtained when the isomerization is performed with the erbium salt (method A) seems to be the kinetic product 3g, and the thermodinamically more stable 3g' is the major component of the reaction mixture working in the presence of borono trifluoride (method B) ( Table 5, entries 13 and 14) . Surprisingly, commercially available trialkyl substituted (+)-limonene oxide 5h, which is supllied as a mixture of cis and trans isomers, led to a mixture of N-tert-butanesulfinyl imines when applying modified method A ( 1 H-NMR of the reaction crude), but only the cyclohexenone derivative 3h was isolated and characterized. The condensation step was carried out at 60 ºC instead of 23 ºC, because formation of N-tert-butanesulfinyl ketimines did not proceeded at room temperature in the presence of titanium tetraethoxide (Table 5 , entry 15). However, ketimine 3h was not obtained in any extension under the reaction conditions of method B, because condensation of tert-butanesulfinamide (1) with 3-isopropylene-6-methylcyclohexanone, the major product obtained after isomerization (>80%), [20] did not take place (Table 5 , entry 16). The Lewis acid--pinene oxide 5i to campholenic aldehyde [21] has been widely studied because these products are of interest in the -pinene oxide 5i into the aldimine derived from campholenic aldehyde 3i proceeded in a higher yield with method A (Table 5 , entry 17), due probably to a less selective isomerization of the starting epoxide 5i with boron trifluoride as Lewis acid (method B) ( Table 5 , entry 18). In both cases, and because of the formed stereogenic center of the cyclopentene ring, aldimine 3i was obtained as a 3:1 mixture of diastereoisomers. Finally, the transformation of monoalkyl substituted epoxide 5j into aldimine of octanal 3j was only possible using modified method A (isomerization step was carried out under microwave irradiation a 80 ºC, 100 W, 7 mim), because boron trifluoride was not an effective reagent to promote the selective isomerization leading to the aldehyde intermediate (Table 5 , entries 19 and 20).
<Insert Table 5> We have been particularly interested in the indium-mediated allylation of N-tert-butanesulfinyl imines which produces homoallylamine derivatives in a highly diastereoselective fashion, and have also reported the aminoallylation of aldehydes with tert-butanesulfinamides and allylic bromides, [17b,c] we also decided to explore the one-pot transformation of starting epoxides into homoallylamine derivatives by adding allylic bromides to the reaction media in the presence of indium metal. In this study we compared also the isomerization step with erbium trifluoride under microwave irradiation (method A), with the boron trifluoride etherate under thermal conditions (method B). In addition, indium metal was in the reaction flask from the beginning in method B, meanwhile it was added after the isomerization step along with sulfinamide 1 and titanium tetraethoxide in method A, stirring all the components for 1 additional hour at room temperature in this last case. Finally, and after addition of the corresponding allylic bromide, the reaction mixture was heated at 60 ºC for 5 hours in both methodologies. We were please to find out that the expected homoallylamine derivatives 6 were obtained in reasonable yields (Table 6 ). Notably, sometimes the isolated yield of homoallylamine derivative 6 exceeded the yield of the corresponding imine precursor 3 (compare Table 5 , entry 1 and Table 6 , entry 1); the more efficient purification by column chromatography of compounds 6, which are more robust than imines 3, could be the only explanation for these experimental results. Regarding facial selectivity, the allylation step proceeded with high diastereoselectivity (>95:5 dr), taking place almost exclusively a Si-face attack of the allylic moiety to imines 3 with R-configuration at the sulfur atom. As a consequence of the previously commented lack of stereoselectivity -pinene oxide 5i into campholenic aldehyde, compound 6i was also obtained as 3:1 mixture of diastereoisomers, concerning the stereogenic center of the cyclopentene ring (Table 6 , entry 11). As a proof of synthetic usefulness of these methodologies, para-acetoxystyrene 5c was transformed into homoallylamine derivative 6c (Table 6, entry 5), which could be an advanced intermediate in the synthesis of marine alkaloid aphanorphine ( Figure 1 ). [22] <Insert Table 6> <Insert Figure 1> 
Conclusions
In summary, one-pot reactions of commercially or easily available epoxides 5 and tert-butanesulfinamide 1 in the presence of Lewis acids were found to afford N-tert-butanesulfinyl imines 3 in reasonable yields. In addition, enantioenriched homoallylamine derivatives 6 could be also produced in high yields from the same precursors, when after imine formation, a subsequent indium-mediated allylation with allylic bromides is performed in the same reaction flask. The here described methodologies are a greener chemistry approach to the previous reported synthesis of both N-tert-butanesulfinyl imines 3 [6] and homoallylamines 6, [6, 17] by reducing the number of synthetic operations, representing examples of the so-called pot-economy.
Experimental Section
General: (R S )-tert-Butanesulfinamide was a gift of Medalchemy (> 99% ee by chiral HPLC on a Chiracel AS column, 90:10 n-hexane/i-PrOH, 1.2 mL/min, λ=222 nm). TLC was performed on silica gel 60 F 254 , using aluminum plates and visualized with phosphomolybdic acid (PMA) stain. Flash chromatography was carried out on handpacked columns of silica gel 60 (230-400 mesh). Gas chromatographic analyses (GC) were carried out in added. The resulting mixture was stirred for 12 additional h at the same temperature, and after that, quenched with brine (0.5 mL), and diluted with EtOAc (15 mL). The resulting suspension was filtered through a short path of Celite and concentrated Then, the reaction mixture was filtered through a short path of Celite and the solvent was evaporated (15 Torr). The residue was purified by column chromatography (hexane/EtOAc) to yield pure compounds 3. Yields for compounds 3 are given on Table 5 . Physical and spectroscopic data follow.
(R S )-N-(tert-Butanesulfinyl)-2-phenylethanimine (3a): [23] [23] Butanesulfinyl)-2-(2,2,3-trimethylcyclopent-3-enyl) Yields for these compounds 3 are given on Table 5 . Physical and spectroscopic for compound 3j follow; for the rest of compounds 3 the corresponding data were given above. [24] (hexane/EtOAc) to yield pure compounds 3. Yields for these compounds are given on Table 5 . Physical and spectroscopic were also given above.
(R S )-N-(tert-Butanesulfinyl)-2-(2-naphthyl)ethanimine (3d):

(R S )-N-(tert-Butanesulfinyl)-2-methylpropanimine (3e):
(R S ,1S,2S,5R)-N-(tert-Butanesulfinyl)-(2-isopropyl-5-methylcyclohexyl)methanimine (3g) + (R S ,1R,2S,5R)-
N-(tert-Butanesulfinyl)-(2-isopropyl-5-methylcyclohexyl)methanimine (3g'):
(R S ,1S,2S,5R)-N-(tert-Butanesulfinyl)-(2-isopropyl-5-methylcyclohexyl)methanimine (3g)
:
(R S ,1R,2S,5R)-N-(tert-Butanesulfinyl)-(2-isopropyl-5-methylcyclohexyl)methanimine (3g'
)
(R S ,2R,5R)-N-(tert-Butanesulfinyl)-5-isopropenyl-2-methylcyclohexanimine (3h):
(R S )-N-(tert-
General procedure for the synthesis of N-tert-butanesulfinyl imines 3 from epoxides 5 (modified Method
A
(R S )-N-(tert-Butanesulfinyl)octan-1-imine (3j):
General procedure for the synthesis of homoallylamine derivatives 6 from epoxides 5 (Method A): A heterogeneous mixture of the corresponding epoxide 5 (1.0 mmol) and erbium triflate (0.0063 g, 0.01 mmol) in THF (3.0 mL) was irradiated for 45 min at 40 W power and 30 ºC (7 min at 100 W power and 80 ºC for epoxide 5j). Then, the reaction mixture was cooled down to 23 ºC, and tert-butanesulfinamide (1, 0.061 mg, 0.5 mmol), indium metal (0.115 g, 1.0 mmol), and titanium tetraethoxide (0.274 g, 0.251 mL, 1.2 mmol) were added. The resulting mixture was stirred at the same temperature for one additional h. Then allyl bromide (0.182 g, 0.130 mL, 1.5 mmol) was added and the reaction mixture heated for 5 h at 60 ºC. Then, the mixture was cooled down to room temperature, quenched with brine (0.1 mL), and diluted with EtOAc (15 mL). The resulting suspension was filtered through a short path of Celite and concentrated (15 Torr). The residue was purified by column chromatography (hexane/EtOAc) to yield pure compounds 6. Yields for these compounds are given on Table 6 .
Physical and spectroscopic follow. [25] (400 mg) in THF (3.0 mL) was stirred at 50 ºC for 12 h. Then, the reaction mixture was cooled down to 23 ºC, and the corresponding allylic bromide (1.5 mmol). The resulting mixture was heated for 5 h at 60 ºC and after that it was cooled down, diluted with EtOAc (15 mL) and the liquid filtered off. The liquid phase was hydrolyzed with water (10 mL), extracted with EtOAc (3×15 mL), dried with anhydrous MgSO 4 and evaporated (15 Torr).
(R S ,3S)-N-(tert-Butanesulfinyl)-2-methylhex-5-en-3-amine (6e):
The residue was purified by column chromatography (hexane/EtOAc) to yield pure compounds 6. Yields for these compounds are given on Table 6 . Physical and spectroscopic for compounds 6c and 6i follow, and for the rest of compounds the corresponding data were also given above. All the reactions were carried out with 0.5 mmol of 5a in 1.5 mL of the corresponding solvent.
(R S ,2S)-N-(tert-Butanesulfinyl)-1-(4-acetoxyphenyl)pent-4-en-2-amine (6c):
b Yield was determined by GC. When combined yields (2a+5a) are lower than 100%, other reaction products resulting mainly from aldol condensation of the aldehyde 2a are also formed. --a All the reactions were carried out with 0.5 mmol of 5j in 1.5 mL of the corresponding solvent.
b Yield was determined by GC. When combined yields (2j+2j'+5j) are lower than 100%, other reaction products resulting mainly from aldol condensation of carbonyl compounds 2j and 2j' are also formed.
c The reaction was performed in 3 mL of CH 2 Cl 2 . Table 3 . Optimization of the erbium triflate-catalyzed one-pot, two-step transformation of epoxide 5a into sulfinyl imine 3a
Er(OTf)3 (1 mol%)
Step-one Conditions
Step-two Conditions
Step b Yield was determined after column chromatography purification and is based on the starting sulfinimide 1.
c The reaction was performed in 1.5 mL of THF. All the reactions were carried out with 1.0 mmol of 5a and 0.5 mmol of 1, in 3.0 mL of THF. b Yield was determined after column chromatography purification based on the starting sulfinimide 1.
c The reaction was performed with 0.6 mmol of 5a. determined after column chromatography purification and is based on the starting sulfinimide 1. c Yield is given in parenthesis when step-one of method A was performed under microwave irradiation at 30 ºC (40 W). d The reaction was carried out with 1.5 mmol of 5e.
e Diastereomeric ratio of aldimines 3g+3g' is given in parenthesis.
f The condensation step was performed at 60 ºC and a mixture of three imines was obtained, but only compound 3h was isolated as a single compound in 24% yield.
g Imine formation was not observed.
h Obtained as 3:1 mixture of diastereoisomers. i
Step-one of method A was performed under microwave irradiation at 80 ºC (100 W) for 7 min. c Obtained as 3:1 mixture of diastereoisomers.
d
Step-one of method A was performed under microwave irradiation at 80 ºC (100 W) for 7 min. 
